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One of the most important strategies for controlling plant diseases is accurate and early detection and identification of plant pathogens (Garrido et al. 2012) ; actually, this is the basis of plant disease management. Of particular importance is early detection of pathogens in seeds and plant materials to avoid further spreading and introduction of new pathogens into a growing area where it is not yet present (Acero et al. 2011) . The accessibility of a fast, sensitive, and accurate method for detection of pathogens to improve disease control decision making is therefore increasingly required. The traditional detection methods based on morphological characteristics often require extensive knowledge of classical taxonomy and are frequently laborious and time-consuming (Capote et al. 2012) . Moreover, the difficulty of culturing some species in vitro and the inability for accurate quantification of the pathogen are other limitations (Goud & Termorshuizen 2003) . These limitations have led to the development of molecular approaches with improved accuracy and reliability. Molecular techniques are able to identify non-culturable microorganisms and so provide precise, reliable, and reproducible results, facilitating early disease management decisions (Martin et al. 2004) .
Polymerase chain reaction (PCR)-based technology is a rapid and sensitive method that offers advantages over the traditional diagnosis methods. First of all, micro-organisms do not need to be cultured; second, it possesses the potential to detect a single target molecule in a complex mixture; and third, these techniques can considerably reduce the time doi: 10.17221/104/2014-PPS needed for diagnosis compared with conventional culturing methods. However, they still require further work to identify the PCR products when southern blot or sequencing are needed (Okubara et al. 2005) . Conventional PCR (cPCR) has emerged as a main tool for the diagnosis of plant pathogens and has contributed to reducing some problems related to the plant pathogens detection (Martin et al. 2000) . On the other hand, because of different testing parameters in cPCR assays, optimisation of conditions is very challenging and time consuming (Espy et al. 2006) . As a result, cPCR techniques have never been extensively used for quantitative analysis of plant pathogens, since they are inaccurate and laborious (Schena et al. 2013) . However, several cPCR methods have been used for quantitative analysis of plant pathogenic fungi (Hadidi et al. 1995; Mahuku & Platt 2002) .
The necessity of fast, sensitive, and specific methods to detect pathogens is important to improve decision making in disease control (Lievens et al. 2005) . Quantitative real-time PCR (qPCR) technology allows accurate detection and/or quantification of pathogens that cannot be extracted or cultured easily from host tissue, or are presented at low inoculum load in samples. In fact, quantification based on culturing techniques is considered relatively inaccurate, while quantification using real-time PCR provides a reliable estimation of the pathogen load (Garrido et al. 2009 ). Also, real-time PCR technology provides conclusive results as it can discriminate between closely related organisms and is therefore a versatile method for the accurate, reliable, and high throughput quantification of target DNA in various biological fields such as botany and genetics (Cooke et al. 2007; Schena et al. 2013) . Nowadays, a wide range of plant pathogens can be detected and quantified by real-time PCR methods in numerous hosts or environmental samples. The present compilation illustrates a general description of four basic realtime PCR chemistries used in plant pathology and examples of applicability of this important technique for routine detection and/or quantification of plant pathogens including viruses, viroids, bacteria, phytoplasmas, fungi, and oomycetes. Some considerations for assay development are discussed.
Real-time PCR techniques
As the name suggests, real-time PCR is a technique used to screen the development of a PCR reaction in real time. It is based on the detection of the fluorescence produced by a reporter molecule which increases as the reaction proceeds. These fluorescent reporter molecules include dyes that bind to the double-stranded DNA or sequence specific probes (Garrido et al. 2012) . The benefit of real-time PCR compared with cPCR is determined by two main features. Firstly, data are available in real time, on screen, do not require time consuming post-PCR processing (e.g. electrophoresis, colorimetric reaction or hybridisation). Secondly, real-time PCR commonly amplifies the short DNA fragments (70-100 bp), which favours a higher level of efficiency and sensitivity (Garrido et al. 2009 ). Generally, the main advantage of real-time PCR over cPCR is the increased sensitivity and the ability to perform quantitative measurements, making it suitable for studying pathogen biology, epidemiology, and ecology. The advantages of the fluorescence based real-time PCR have revolutionised the approach to PCR-based quantification of nucleic acids (Wittwer et al. 2001; Okubara et al. 2005) . Real-time PCR can successfully quantify the initial specific target by the measurement of the amplification products. This occurs due to the accumulation of the PCR product with each cycle of amplification, and this is the reason why this method is called real-time PCR (McCartney et al. 2003) . Basically, there are two common methods for the detection of products in real-time PCR: first, non-specific fluorescent dyes that intercalate with any double-stranded DNA; and second, sequence-specific DNA probes consisting of oligonucleotides that are labelled with a fluorescent reporter which permits detection only after hybridisation of the probe with its complementary sequence. Therefore, these alternative detection chemistries make real-time PCR more suitable for multiplexing detection purposes. Regardless of the chemistry used, generated signals are frequently measured by accompanying software which gives data normalisation and a number of automatic options of analysis. At present, a variety of competing real-time PCR instruments with multiplexing and high throughput applications have been proposed through different companies.
Detection based on non-specific label method SYBR Green dye. In real-time PCR assays, DNA binding dyes are utilised as fluorescent reporters to monitor the reaction. As the PCR product accumulates with each consecutive cycle of amplification, the fluorescence of reporter dye is enhanced. Therefore, it is possible to monitor the PCR reaction during the exponential phase by recording the amount of fluorescence emission at each cycle. So, during real-time PCR, if the increase in fluorescence of the reporter dye is plotted against the log of the corresponding amount of template, a linear relationship is observed. SYBR Green is an intercalating dye which binds to a minor groove of the double-stranded DNA and is the dye most widely used for real-time PCR assays. SYBR Green does not emit fluorescence in its free form, emitting the fluorescence signal only when binding to the dsDNA (Figure 1 ).
Since unmodified oligonucleotide primers or no labelled oligonucleotides can be used with SYBR Green, its application is cheaper than other detection forms. However, the principal drawback to intercalation based detection of product accumulation is that specific and nonspecific products produce signal. So, the formation of non-specific amplicons can lead to false positive results in the quantification (Giulietti et al. 2001) . To develop as much information from real-time PCR based on SYBR Green, the reaction should be followed by melting curve analysis in which melting temperature (T m ) of generated product is determined. The shape of the melting curve and the determined melting temperature depend on the PCR product concentration, its size and nucleotide base composition (Dreo et al. 2012) . The SYBR Green sensitivity has been improved by the use of an antiTaq antibody, which reduces the nonspecific product generation (Morrison et al. 1998) . Besides, YO-PRO-1 (Ishiguro et al. 1995) and also ethidium bromide can also be used as intercalating dye but carcinogenic nature renders its use limiting (Schaad et al. 2003) .
Detection based on sequence specific methods
TaqMan probe based detection. TaqMan probes are dual-labelled hydrolysis probes and utilise the 5' exonuclease activity of the Taq DNA polymerase for measuring the amount of target sequences. TaqMan probes consist of a sequence of 25-30 nucleotides in length which is labelled with a donor fluorophore (as reporter) at the 5' end, and an acceptor dye (as quencher) at the 3' end ( Figure 2 ). Generally, a fluorophore is a molecule that absorbs light energy and is promoted to an excited state, and a quencher is a molecule that can receive energy from a fluorophore and disperse the energy by proximal quenching or by fluorescence resonance energy transfer (FRET) (Didenko 2001) . In FRET quenching, as a dynamic quenching mechanism, the fluorophore transfers its energy to the quencher, and the energy is released as light of a longer wavelength (Schena et al. 2013) . So, until the time when the probe is not hydrolysed, the quencher and the fluorophore remain in proximity to each other, separated by the probe length. However, this proximity does not entirely quench the fluorescence of the reporter dye and a background fluorescence is detected (Didenko 2001) . During PCR, the probe hybridizes to the single-stranded DNA (ssDNA) template. In the extension step, the probe cleaves by the 5'-nuclease activity of Taq DNA polymerase when the enzyme reaches the probe, resulting in the separation of the fluorescent reporter dye from the quencher, thus generating a fluorescent signal (Figure 2 ). The fluorescence intensity is therefore a direct consequence of the amplification process. Unlike FRET quenching, in proximal quenching, while the probe is intact, the quencher absorbs the energy from the reporter dye due to close proximity between them and dissipates as heat . As a result, no fluorescence is discerned. However, in TaqMan, the fluorophore is quenched by FRET. There are several fluorophores and quenchers that can be paired; fluorophores such as TET, JOE, HEX, FAM, ROX, and TAMRA and, quenchers such as Methyl Red, TAMRA, and DABCYL are commonly used for TaqMan assays (Wittwer et al. 2001) . So, one advantage of the TaqMan probe over SYBR Green dye is that specific hybridisation between probe and target DNA sequence is required to produce fluorescent signal. A TaqMan real-time PCR assay can be also multiplexed, because it can amplify and detect several distinct sequences in a single PCR reaction tube due to possibility of labelling of the fluorogenic probes with different detectable reporter dyes , avoiding cross similarities with primers and probes in multiplex reactions. However, the labelling of TaqMan probe with double dyes and its designing is more complicated than in SYBR Green primers, making this assay more expensive than SYBR Green assay (Okubara et al. 2005) .
Molecular beacon based detection. Molecular beacons are single-stranded oligonucleotide hybridization probes that form a stem and loop (hairpin) structure. The loop of the probe is complementary to the target sequence, and its two ends are also complementary to each other. A fluorophore is tagged at the 5' end of the probe and a quencher at the 3' end ( Figure 3 ). When the probe sequence in the loop anneals to a complementary nucleic acid target sequence, the stem portion of the beacon separates out and hybridises to the target, resulting in the fluorescence emission. Fluorophores such as FAM, TAMRA, TET, and ROX and a quenching dye, typically DABCYL, are the most commonly used. In the absence of a complementary target sequence, the beacon remains closed and there is no appreciable fluorescence (Figure 3 ). Fluorescence is screened during each annealing step when the beacon is attached to its complementary target. So, the amount of fluorescence at each cycle depends on the amount of specific product.
Unlike TaqMan probe, fluorescence quenching is proximal, due to the close contact of fluorophore and quencher that is more efficient than FRET-based quenching . Also, in comparison with linear probes, molecular beacons are especially suitable for identifying point mutations, because the hairpin-like structure makes mismatched hybrids thermally less stable than hybrids between the corresponding linear probes and their mismatched target (Giulietti et al. 2001) . Furthermore, quenching of molecular beacons through a direct transfer of energy from the fluorophore to quencher is possible. So, a common quencher molecule can be used, increasing the number of fluorophores that can simply be used as reporters (Mhlanga & Malmberg 2001) . These properties of molecular beacons can be used to develop extremely specific assays that other types of probes could not achieve. However, the design of molecular beacon is more difficult than other types of probes.
Scorpion probe based detection. Scorpion primers are bi-functional molecules in which a primer is covalently linked to a specific probe sequence that is held in a hairpin-loop form with a fluorophore at one end and a quencher at the other. At the 5' end, the Scorpion primer sequence contains a non-target sequence as PCR blocker at the start of the hairpin loop that prevents polymerase read-through. This structure brings the fluorophore in close proximity with the quencher and avoids fluorescence. Scorpion makes the molecular beacon technique more efficient by combining the functions of the probe and the 5' PCR primer (Didenko 2001) . In the absence of the target, the quencher nearly absorbs the fluorescence emitted by the fluorophore. As soon as annealing between the primer-probe and the target occurs, scorpion primer combines to the PCR product and then the probe sequence in the tail curls back to hybridise with the sequence of target. As the tail of the scorpion and the amplicon are part of the same strand of DNA, the interaction is intra-molecular (Giulietti et al. 2001; Arya et al. 2005) . Hybridisation reaction unties the hairpin loop, separating the fluorophore and the quencher, which leads to an increase in the fluorescence emitted (Figure 4 ).
Similar to molecular beacons, in Scorpion-PCR fluorescence quenching is proximal, because of the close contact of fluorophore and quencher . Scorpion primers can also be used to identify point mutations by using multiple probes. Each probe can be tagged with a different fluorophore to produce different colours. In Scorpion primers, the probe is physically coupled to the primer which means that the reaction leading to signal generation is a unimolecular which is efficiently instantaneous (Tomlinson et al. 2007) . So, this leads to stronger signals, more reliable probe design, enhanced discrimination, and shorter reaction times compared with molecular beacons and TaqMan probes. Relative sensitivities of the real-time PCR chemistries in increasing order are: SYBR Green I < TaqMan < Molecular beacons < Scorpion (Okubara et al. 2005) . In fact, one should bear in mind that probebased chemistries reveal a greater dynamic range than SYBR Green chemistry.
Real-time PCR considerations
DNA extraction. A critical pre-analysis step for real-time PCR assays is DNA extraction. Since many extraction methods can result in DNA revealing different levels of purity and final yield, the quality of the final results can be significantly affected (Olexova et al. 2004) . Therefore, the main purpose of DNA extraction is providing a good quality of DNA with a low concentration of substances inhibiting PCR reactions for subsequent analyses. Furthermore, DNA extraction protocols should provide comparable results with samples differing widely in physical and chemical composition, organic content, microbial populations, etc. (Schena et al. 2013) . Basically, substances such as polysaccharides, phenolic and humic compounds in soil and plant must be removed (Tsai & Olson 1991) . The inhibitory substances can be removed using different columns and resins such as gel filtration (also known as size exclusion) resins, agarose gel electrophoresis, template dilution (Miller 2001) , and commercial kits. Several practical DNA extraction methods such as isopropanol, silica-columns, magnetic beads, lyophilisation, freeze-grind and heat treatment have been used for extraction of high-quality DNA from microorganisms such as fungi and bacteria in order to minimise the influence of the extraction in the quantification of a low copy number of target (Cullen & Hirsch 1998; Reeleder et al. 2003; Ippolito et al. 2004; Weller et al. 2007; Garrido et al. 2009; Williams et al. 2009; Bilodeau et al. 2012) . Also, to extract DNA from soil samples, a variety of extraction kits are available. Unlike dilution plating method that requires culturing of organisms for enumeration, a number of commercial kits are available to extract RNA or DNA from plant tissues. Totally, simplicity and rapidity as well as the absence of harmful chemical compounds are the main advantages of commercial kits. Combination of an efficient extraction method with a real-time PCR-based technique provides a useful and rapid tool for determining of pathogens populations and other organisms.
Target genes selection. Another crucial step in real-time PCR assays is the identification of appropriate target DNA regions. Sequences of the target primer must be unique to identify sequences of the target in the sample of interest with high specificity and efficiency so that to recognise virulence genes or a particular organism. The ribosomal DNA genes (rDNA) provide efficient targets because they have conserved and variable sequences that allow highly sensitive detection. But, due to its universal nature, the level of discrimination lies at the species levels (Schaad et al. 2003) . Among the variable regions, the kinternal transcribed spacer (ITS) within prokaryotic and eukaryotic rDNA operons is the most widely sequenced in phytopathogens. Also, intergenic spacer (IGS) sequences are difficult for amplification and sequencing, but they can be more variable than the ITS sequences. Thus, they are exploited to design diagnostic assays when there are not enough differences available across the ITS . Typically, IGS regions of bacterial 16S ribosomal RNA genes, ITS regions of the fungal ribosomal RNA genes and mitochondrial small subunit rDNA have been used most commonly for PCR-based identification of plant pathogens. These multicopy sequences contain sufficient sequence diversity at the species or subspecies levels (Okubara et al. 2005) . Moreover, the β-tubulin gene has been used for diagnosis purposes of plant pathogens when variation of ITS sequence is not appropriate for production of a taxon-specific diagnostic . Generally, genotypic differences in elongation factor 1 alpha (EF1-α), random-amplified polymorphic DNA/ sequence-characterised amplified region (RAPD/ SCAR)-based targets, and other single-or low-copy sequences have proven suitable for real-time PCR assays (Okubara et al. 2005) .
Primer and probe design. Primer design is aimed at obtaining a balance between two goals: efficiency and specificity of amplification. Efficiency can be viewed as the proportion of templates that are used to synthesise new strands with each round of PCR. So, the most important issue for designing efficient PCR primers is that they must bind to the target site efficiently under PCR conditions. Specificity can generally be defined as the tendency for a primer to hybridise to its intended target and not to nonspecific targets and so primers that only amplify one product will provide the best assay sensitivity (Hyndman & Mitsuhashi 2003) . Typically, 2-3 bases are sufficient to produce highly specific primer and probe using average stringent amplification conditions and should be preferentially localised close to the 3' end of the sequence (Fredslund & Lange 2007; Schena et al. 2013) . Primers designed for use in cPCR can also be applied in real-time PCR tests if amplicon size criteria are met. However, amplicon sizes frequently used for cPCR are very long to support the design of efficient real-time PCR assays (MontesBorrego et al. 2011) . Specific primers and probes can be properly designed for SYBR Green, TaqMan probes, Molecular beacons and Scorpion PCR assays using primer design software such as Primer Express (PE Applied Biosystems, USA), Primer3 (Whitehead Institute, USA), Clustal X (Version 2.0 or greater) and Beacon designer (PREMIER Biosoft International, USA). After primers and probes are designed, their specificity should be checked by in silico analyses using the Basic Local Alignment Search Tool (BLAST) in GenBank to confirm the existence of similar sequences.
Further considerations. Real-time PCR assays may give false negative results for environmental samples due to several reasons, including the low number of targets, degradation of the target DNA by nucleases or reagent problems. Besides, as mentioned above, the problem with PCR inhibitors is frequent when environmental samples are assessed. For detecting inhibitor effects, causing false negative, an internal positive control such as the amplification of a housekeeping gene or a conserved DNA segment can be included in the assays (Schena et al. 2013) . Another problem is the risk of nucleic acids contamination by external sources, such as exogenous DNA from cultures or from previous experiments while the PCR amplification products accumulate by repeated amplification of the same target sequence (Okubara et al. 2005) . The risk of contamination can be reduced by precise activities such as using negative control, positive control, and reagent control in each PCR run.
Detection of plant pathogens
The most influential characteristic of real-time PCR is its suitability for quantitative analyses. In recent years, real-time PCR as a valuable and versatile tool has been used with accuracy and high throughput quantification of specific target in most agricultural fields such as plant protection and plant biotechnology. Also, simultaneous detection of more than one organism provides significant benefits particularly for diagnostic programs dealing with a lot of samples using real-time PCR (Cooke et al. 2007) . Although in multiplex real-time PCR assays several target DNAs can be simultaneously detected from different microorganisms by differences in emission wavelength or amplicon size, a major limitation of multiplexing is the competition between different primers and probes, resulting in lower specificity and sensitivity (Okubara et al. 2005) . However, the detection of more than two targets without reduction of sensitivity has also been reported (Schena et al. 2006) . In order to obtain the best results, primer and probe design, amplification conditions, and amplicon length should be optimised. As the first available real-time chemistry, SYBR Green I can be used in a wide range of plant pathogens, whereas the TaqMan chemistry has an inherently higher degree of specificity, reliability, and performance, as discussed in the previous sections. The specific hybridization between probe and target DNA that is required to generate a fluorescent signal is the main advantage of fluorogenic probes over DNA binding dyes (Okubara et al. 2005; Garrido et al. 2009) . A search of relevant published articles indicates that the relative frequency of chemistries applied in realtime PCR technique to date is, in increasing order: Molecular beacons < Scorpion < SYBR Green I < TaqMan (Schena et al. 2013) . Generally, sequence specific methods guarantee higher specificity levels which are particularly important when they are used for detection and quantification of pathogens in natural samples or within symptomless tissues ). In the following sections, some uses of real-time PCR techniques applied for routine detection/quantification of plant pathogens in agricultural systems are shown.
Viruses and viroids. Detection of plant viruses can be directly accomplished, although a reverse transcription (RT) step is essential prior to PCR amplification to generate the complementary DNA (cDNA). In fact, real-time RT-PCR has an additional cycle of reverse transcription that leads to formation of a DNA molecule from a RNA molecule. This is done because RNA is less stable as compared to DNA (Ingle & Kushner 1996) . Real-time RT-PCR method based on TaqMan chemistry was reliably used to detect reproducibly of 1000 molecules of the target transcript (as little as 500 fg total RNA) of Tomato spotted wilt virus (TSWV) in infected tomato plants and was more sensitive (10-folds) than the conventional RT-PCR (Roberts et al. 2000) . In another study, real-time RT-PCR method based on scorpion probe using specific primers designed to a highly conserved coat protein (CP) region was effectively used to detect Grapevine fan leaf virus (GFLV) in the nematode vector Xiphinema index collected from the rhizosphere of grapevine plants (Finetti-Sialer & Ciancio 2005) . Altogether, the most widely used real-time RT-PCR protocols are based on two different chemistries including the fluorescent dye SYBR Green and TaqMan probe. These methods have proven successful in detecting and identifying different viruses on different hosts (Table 1) . Since the viruses may be deactivated quickly when the infected plants dry up under field conditions, few studies have been done to detect the Table 1 plant viruses in soil and water (Boben et al. 2007; Yang et al. 2012) . Viroids represent a group of extremely primitive pathogenic entities consisting exclusively of nucleic acids that are capable of independent replication and inducing diseases when introduced into susceptible plant cells (Narayanasamy 2011) . Because of the absence of a protein component that is present in the viruses, diagnostic approaches based upon serology have not been applicable for the detection of viroids. So, PCR-based techniques such as RT-PCR and real-time RT-PCR are the most reliable and sensitive tests for detection of viroids in infected plants (Boonham et al. 2004) . In this respect, a real-time RT-PCR assay based on TaqMan chemistry was developed by Boonham et al. (2004) in order to detect Potato spindle tuber viroid (PSTVd), a quarantine pathogen in Europe, which was 1000 times more sensitive compared with a chemiluminescent assay. Furthermore, real-time RT-PCR assay based on the SYBR-Green I was developed for the quantitative detection of Citrus exocortis viroid (CEVd) and Citrus viroid-IIb (CVd-IIb) causing citrus exocortis and citrus cachexia diseases in symptomless host citrus plants. Primer pairs designed from highly conserved regions of the genome of different variants of each viroid amplified DNA fragments of 83-bp (CEVd) and 133-bp (CVd-II), which were detected by the increasing fluorescence observed during the reaction. The evidence indicated that real-time RT-PCR is to be a useful tool for fast and reliable diagnosis of citrus viroids (Tessitori et al. 2005) . A few number of real-time RT-PCR procedures are available for detection of a variety of plant viroids in plant materials (Table 1) .
Bacteria and phytoplasmas. Control of diseases caused by plant pathogenic bacteria frequently needs precise detection, followed by suitable identification of the causal organism (Palacio-Bielsa et al. 2011) . Several real-time PCR systems have been validated with significant improvements in speed, specificity, and sensitivity for detection and direct quantification of plant pathogenic bacteria in different environmental samples. For instance, a SYBR Green I real-time PCR assay was developed for specific detection and quantification of Xanthomonas axonopodis pv. citri, causing Type A citrus canker, and X. axonopodis pv. aurantifolii, causing Type B and C citrus canker, based on primers designed to short fragments from highly conserved regions (pthA gene), as it represents a diagnostic indicator for citrus canker-causing xanthomonads. The assay enabled reliable detection as low as 1 pg of total X. citri DNA isolated from diseased leaf lesions (Mavrodieva et al. 2004) . Also, a TaqMan real-time PCR assay was developed for the reliable detection of Xylella fastidiosa (Xf ) strains at low concentrations of the bacterium in almonds, grapes, and insect vectors with a high degree of sensitivity and specificity using primers designed to a unique region common to the sequenced genomes of four Xf strains associated with Pierce's disease in grapes, oleander leaf scorch, almond leaf scorch, and citrus variegated chlorosis. Actually, no amplicons were obtained with non-Xf bacterial strains (Francis et al. 2006) . In addition, an increasing number of real-time PCR procedures are available for detection and quantification of bacteria in plant materials, although TaqMan probes are the most commonly used ones ( Table 2 ). The lack of growth in pure culture, uneven distribution in the phloem of the infected plant, and low concentration (especially in woody hosts) are most important obstacles for efficient diagnosis of phytoplasmas, that means their quantification can only be achieved in the presence of high levels of host DNA (Galetto et al. 2005; Weintraub & Jones 2010 ). So, a few studies have been done to detect the pathogenic phytoplasmas in plants (Table 2) . Fungi and oomycetes. Fungi and oomycetes include the most important plant pathogens and their accurate detection is an important part of preventive disease management strategies. Among the PCRbased techniques, real-time PCR has been proven to be simple and reliable for detection and quantification of these pathogens. For instance, Phytophthora fragariae var. fragariae causing root rot disease is a quarantine organism and is present in most European countries. So, a real-time PCR assay using TaqMan probe and Molecular beacon was utilised as a sensitive and reliable detection test. With Molecular beacon the pathogen was detected in a quantitative order similarly to TaqMan probe, which were able to detect levels as low as 1 fg DNA of the target pathogen present in plant tissues. In this study, the sensitivity of Molecular beacon and TaqMan probes against a dilution series of P. fragariae genomic DNA was equivalent (Bonants et al. 2004) . Also, Bilodeau et al. (2007) compared three different chemistries including SYBR Green, TaqMan, and Molecular beacons using sequences of β-tubulin, ITS and elicitin gene regions for detection of P. ramorum causing sudden oak death. The results showed that all three real-time PCR assays could separate the pathogen from 65 other species of Phytophthora in all infected samples. However, TaqMan real-time PCR assay based on ITS and elicitin regions was shown to be more sensitive than others in detecting and differentiating P. ramorum.
Detection of seed-borne fungal pathogens is an imperative part of seed health testing programs. In this regard, the presence of Tilletia caries, causing common bunt disease, the most important seed-borne Barnes & Szabo (2007) Phytophthora nicotianae, P. citrophthora Scorpion citrus Ippolito et al. (2004) Rosellinia necatrix Scorpion fruit and forest tree species Schena & Ippolito (2003) doi: 10.17221/104/2014-PPS disease of wheat, was detected and also the level of contamination in apical meristems of different wheat varieties was quantified using SYBR Green I realtime PCR procedure based on primers designed to IGS region of the rDNA. The assay could quantify pathogen mycelium in wheat varieties in the range from 0.34 ng to 15 µg per one growing tip. Therefore, this method can be applied in the screening process for bunt resistance in wheat as well as in certification and breeding processes at early stages of plant development (Zouhar et al. 2010) . On the other hand, some plant pathogenic fungi are also vectors of plant viruses like Polymyxa spp. Several viruses such as Beet necrotic yellow vein virus (BNYVV), Barley yellow mosaic virus (BaYMV), and Soil-borne wheat mosaic virus (SBWMV) are transmitted by Polymyxa spp. Accordingly, P. betae and P. graminis were directly detected and quantified from as little as 500 mg of infested soils using TaqMan real-time PCR based on primers and probes designed to ITS regions (Ward et al. 2004) . Generally, a variety of real-time PCR techniques for detection and quantification of numerous important plant pathogenic fungi and oomycetes has been described (Table 3) .
CONCLUDING REMARKS
Real-time PCR has a significant potential in quantifying low disease levels with high sensitivity and speed that was inconceivable in plant pathology a few years ago. The technique is extremely promising in order to quantify pathogen populations, whereas other PCR-based techniques qualify only for the identification/detection of the microbial communities. With accurate optimisation, real-time PCR can provide specific, reliable, and high throughput detection and quantification of target DNA in various environmental samples in real time, which is not achievable with other PCR-based methods. In fact, real-time PCR is an ideal technique to measure levels of inoculum threshold, which has a positive impact on epidemiological studies, and for evaluating the efficacy of methodologies used to prevent distribution of the pathogens into non-infected agricultural fields. As knowledge regarding individual microorganisms' genomes increases, the use of this technique for a broad range of microorganisms will undoubtedly increase. In addition, this growing list of applications suggests that real-time PCR will be an increasingly preferred method in the future, opening new research opportunities associated with a comprehensive understanding of ecology and population dynamics of pathogens with the final intent of optimising plant disease management strategies.
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